Abstract The prevalence of heart failure due to coronary artery disease continues to increase, and it portends a worse prognosis than non-ischemic cardiomyopathy. Revascularization improves prognosis in these high-risk patients who have evidence of viability; therefore, optimal assessment of myocardial viability remains essential. Multiple imaging modalities exist for differentiating viable myocardium from scar in territories with contractile dysfunction. Given the multiple modalities available, choosing the best modality for a specific patient can be a daunting task. In this review, the physiology of myocardial hibernation and stunning will be reviewed. All the current methods available for assessing viability including echocardiography, cardiac magnetic resonance imaging, nuclear imaging with single photon emission tomography and positron emission tomography imaging and cardiac computed tomography will be reviewed. The effectiveness of the various techniques will be compared, and the limitations of the current literature will be discussed.
Despite advances in the prevention and treatment of coronary artery disease (CAD), the prevalence of heart failure due to CAD continues to increase [1] . Ischemic cardiomyopathy is not only prevalent, but it also portends a worse prognosis than non-ischemic cardiomyopathy resulting in a 5-year survival rate of only 59% [2] . Optimal management is imperative to improve prognosis of these high-risk patients. Revascularization improves outcomes in the subgroup of patients with evidence of myocardial viability. This review will highlight the pathophysiological basis of ischemic but myocardial viability and discuss available multimodality techniques to evaluate it.
Myocardial viability
Viable myocardium in the setting of myocardial contractile dysfunction represents hibernating or stunned myocardium. Hibernating myocardium has depressed myocardial contractility at rest due to persistently impaired coronary blood flow with function that can be partially or completely restored by improving coronary blood flow, by providing inotropic stimulation or by reducing oxygen demand [3] . Several studies have shown that hibernating myocardium results from reduced myocardial blood flow [4] . It is metabolically characterized by a switch from fat to glucose metabolism and accompanied by a reactivation of the fetal gene program [5] . Myocardial territories that have normal blood flow at rest can also demonstrate depressed cardiac function if they undergo recurrent ischemic episodes with stress in a process known as repetitive myocardial stunning [6] . These territories also improve with revascularization. The cellular changes that occur in viable myocardium in patients with ischemic cardiomyopathy are not uniform reflecting different levels of cellular ultrastructural damage [7] and likely reflect concurrent processes of hibernation and stunning.
Metabolic changes in hibernating and stunned myocardium
Normal myocardium is a metabolic omnivore and uses several different metabolic substrates (predominantly glucose or fatty acids) for meeting its energy needs. In the fasting state, the myocytes predominantly use fatty acids, whereas in the post-prandial state, they switch to glucose use. The step of fatty acid oxidation is exquisitely sensitive to hypoxia. Hence, glucose is the preferred energy substrate for ischemic myocytes. Metabolic stunning, with a delayed return of utilization of free fatty acids, has been described, following restoration of blood flow in a dog model of repetitive stunning [8] .
Methods for assessing myocardial viability
The ideal test for viability assessment would be accessible, easy to perform, fast, inexpensive, and be safe with limited side effects. It would be reproducible and free from artifacts. The ideal test must also successfully differentiate patients who would benefit from revascularization from those who would not. Viable myocytes have several properties that imaging modalities capitalize on to differentiate viable myocytes from regions of necrosis or scar (Table 1) .
Dobutamine echocardiography and MRI rely on identifying the property of contractile reserve in hibernating myocardium in response to low-dose inotropic agents. Cardiac magnetic resonance imaging (CMR) and cardiac CT can assess the transmural extent of scar. This technology depends on an intact cellular membrane to prevent the extracellular contrast agent, gadolinium/iodinated contrast, from entering cells and thus allowing the gadolinium/ iodinated contrast to concentrate in areas of increased interstitial space (scar, late gadolinium enhancement (LGE)). Nuclear studies, including single photon emission computed tomography (SPECT) and positron emission tomography (PET), rely on intact cellular membranes for active uptake of radiotracers (Thallium-201), intact sarcolemmal function to maintain electrochemical gradients across the cell membrane for radiotracer retention (Technetium-99m) and intact glucose uptake [Fluorine-18-labeled deoxyglucose (FDG)]. [9] Inotropic contractile reserve Biphasic response better predictive accuracy versus monophasic response [14] Contrast echocardiography perfusion imaging No perfusion defect [16] Strain and strain rate imaging Global left ventricular strain of -13.7% on automated function imaging [13] Cardiac MRI Left ventricular wall thickness [5.5 mm [22] Inotropic contractile reserve Improved contractility [22] LGE \25% transmural LGE 26-50% transmural LGE intermediate recovery [31] Radionuclide techniques SPECT Thallium-201 Perfusion [50% peak levels [38, 39] Redistribution [50% peak levels [38, 39] Technetium-99m Perfusion [50% peak levels [39] Nitrate-enhanced perfusion imaging Perfusion [50% peak levels [36] Low-dose dobutamine Contractile reserve Improvement in regional wall motion with low-dose dobutamine [38] PET F-18 FDG Glucose uptake [ 50% peak activity
LGE late gadolinium enhancement The techniques of strain and strain rate imaging, 3D echocardiography, BMIPP SPECT, C-11 acetate and palmitate PET, and delayed contrast enhancement using MDCT are currently under investigation and criteria for viability are not well established
The mechanism used to assess viability is relevant for understanding the benefits and limitations of each modality. As described by Taegtmeyer, [5] the transfer of energy from coronary circulation to contractile elements (crossbridges) moves through a series of moiety-conserved cycles (Fig. 1) . In response to myocardial hypoperfusion, metabolic changes occur which lead to functional changes in myocardial contractility. Consequently, modalities that depend on cell membrane function, a process that occurs early in the under-perfused state, show a low likelihood of recovery following revascularization if viability is not present (high sensitivity), while modalities that use contractile function, a change that occurs later in the underperfused state, show a high likelihood of functional recovery if viability is present (high specificity).
Modalities to assess viability

Echocardiography
Imaging techniques
With echocardiography, myocardial viability is commonly assessed using measures of left ventricular (LV) wall thickness or myocardial contractile reserve. Assessment of myocardial perfusion using contrast echocardiography and the novel techniques of strain, strain rate imaging, and 3D echocardiography are currently under investigation.
Measuring the LV wall thickness is a simple technique used to predict viability. A LV end diastolic wall thickness (EDWT) [0.6 cm has been used as a marker to predict functional recovery following revascularization [9] . To assess contractile reserve, echocardiographic images are obtained at baseline and with increasing doses of dobutamine infusion often starting at 5 lcg/kg body weight/min and increasing until 20 lcg/kg body weight/min (low-dose dobutamine) or 40 lcg/kg body weight/min (high-dose dobutamine) if one also wants to assess for concurrent ischemia. To also assess for ischemia, a protocol targeting a heart rate of 85% predicted maximal heart rate is generally used with atropine as needed. In territories with abnormal contraction at baseline, the response to dobutamine is classified as biphasic (improvement at low-dose dobutamine and worsening at peak stress), sustained improvement (improvement at low dose without further deterioration at peak stress), or worsening (worsening contractile function with no improvement at any stage). The biphasic response likely represents an initial inotropic response at low-dose dobutamine in the hibernating segments and subsequent worsening of LV function at higher doses of dobutamine due to ischemia. Patients who exhibit a sustained contractile response likely have enough coronary flow even at very high myocardial oxygen demands and are less likely to benefit from revascularization [10] . Worsening function with dobutamine likely represents a significant scar that does not demonstrate contractile reserve and is therefore unlikely to recover with revascularization.
Novel echocardiographic techniques are now available to assess for myocardial viability. Echocardiographic contrast agents containing gas-filled microbubbles can be injected intravenously and produce myocardial opacification when they pass into the coronary microcirculation. As a result, a myocardial contrast defect represents obstruction of an epicardial vessel or the microvasculature.
Contrast-enhanced 3D echocardiography assesses viability using a different mechanism. Healed myocardial infarction reflects ultrasound beams more effectively than normal myocardium that can be visualized as a hyperechoic region. When second-harmonic imaging is used with a mechanical index of 0.5, there is optimal differentiation between normal and infarcted myocardium. The echocardiographic contrast agent facilitates endocardial and epicardial border recognition allowing for the quantification of the transmural extent of the scar.
Systolic myocardial strain, the change in the length of a myocardial region of interest from end-diastole to endsystole, quantifies regional myocardial function and can be used to further assess myocardial viability [11] . Strain imaging correlates with the degree of microvascular integrity which predicts myocardial viability [12] . To perform strain imaging, new speckle tracking techniques ''tag'' regions of myocardium and follow the movement of each ''tag'' through the cardiac cycle. Longitudinal strain can be performed using apical views measuring the change in the length of a segment of interest between ''tags'' during systole. A negative value represents a normal decrease in myocardial distance as the myocardium contracts ( Fig. 3 ) [13] . Strain imaging during dobutamine stress echocardiography can add incremental value over wall motion analysis for predicting myocardial viability [11] .
Appraisal of the literature echocardiography
An LV EDWT of [0.6 cm has a sensitivity of 94% for predicting functional recovery 2 months following revascularization, [9] suggesting that patients with an EDWT B0.6 cm have a low likelihood of recovering LV function. The specificity of this finding is only 48% meaning that an EDWT [0.6 cm does not predict patients who will recover LV function [9] . Dobutamine echocardiography has also been shown to predict recovery of LV dysfunction in patients with stable CAD [14] . In patients who were scheduled for elective surgical revascularization, patients were given a high-dose dobutamine infusion at 5-40 lcg/kg body weight/min. A biphasic response was found to be predictive of LV functional recovery following revascularization with 75% of the segments demonstrating recovery at 14 months followup. In patients with a sustained improvement with dobutamine, only 22% of segments demonstrated recovery and in patients with worsening of function, segments rarely recovered [14] . Data from a pooled analysis revealed that high-dose dobutamine protocols have a significantly higher sensitivity and a similar specificity to low-dose dobutamine protocols for predicting functional recovery following revascularization [15] .
Regarding the novel techniques, there is close correlation between the amount of myocardial contrast in the postinfarct zone 3-5 days following myocardial infarction and wall motion recovery at 4 weeks [16] . The myocardial contrast defect is the most powerful echocardiographic predictor of future LV remodeling following myocardial infarction compared to wall motion abnormalities and ejection fraction [17] . The 3D echo enhances the assessment of LV morphology, volumes, and mass compared to 2D imaging. Compared to CMR (LGE), contrast-enhanced 3D echocardiography has a sensitivity and specificity of 78 and 99%, respectively, for detecting myocardial scar (Fig. 2) [18] .
An increase in strain rate, defined as the tissue velocity gradient between two points within a myocardial territory, by more than -0.23 (1/s) with low-dose dobutamine (10 lg/kg body weight) has a sensitivity of 83% and a specificity of 84% for predicting viability compared to FDG PET [19] . Mollema et al. found that global LV strain (Fig. 3) , the change in the length of a region of interest from end-diastole to end-systole, assessed with novel automated function imaging (AFI) using speckle tracking from 2D gray-scale images, predicted patients who had an improvement in LV ejection fraction following myocardial infarction [13] . Baseline AFI of -13.7% had a sensitivity of 86% and a specificity of 74% to predict LV functional LGE in a patient with an old infarction (a anterior infarct, b inferior infarct, and c lateral infarct) and a control subject (d). Images reproduced with permission from Montant et al. [18] recovery at 1 year. Also, longitudinal strain and strain rate imaging at rest and low-dose dobutamine were shown to be predictors of functional recovery after revascularization [11] .
Advantages and disadvantages of echocardiography
Echocardiography is available in most centers, the cost is relatively low, and there is no radiation burden. Although EDWT B0.6 cm has a high sensitivity to predict who will not regain function following revascularization, the specificity of this finding is poor. Dobutamine echocardiography has a significantly better specificity but image quality can be limited due to technically difficult echocardiogram windows. There is a high degree of interobserver variability during the interpretation of stress echocardiography. When 5 institutions chose 30 consecutive patients with suspected CAD to undergo dobutamine echocardiogram studies, 37% of patients had echocardiograms where 3 or more segments were inadequately visualized and the interobserver agreement was \55% [20] . The use of contrast can improve image quality and interobserver agreement [21] . Another challenge of stress echocardiography to assess for viability is that changes in myocardial contractility can be difficult to appreciate with severe multisegment resting contractile dysfunction, which is frequently seen in patients requiring viability assessment. The novel techniques of contrast echocardiography, strain and strain rate imaging, and 3D contrast echocardiography are currently under investigation and not widely used.
CMR
Imaging techniques
Similar to echocardiography, the assessment of the EDWT by CMR has been used to predict viability. Preserved EDWT C5.5 cm is a cutoff that has been used to predict functional recovery following revascularization [22] . Similar to dobutamine echocardiography, dobutamine CMR can assess viability with improvement in a dysfunctional wall segment by 1 grade (i.e. from akinetic to hypokinetic or from hypokinetic to normal) predicting improvement with revascularization. Dobutamine-induced systolic thickening has also been used as a marker for viability, and myocardium has been deemed viable if a region with a wall motion abnormality thickens by C2 mm in C50% of the segments within an infarcted territory [22] . Strain and strain rate imaging using tagged MRI sequences are currently under evaluation for the assessment of regional function post-myocardial infarction [23] .
Most CMR centers use the transmural extent of scar as detected by the technique of late gadolinium enhancement (LGE) to assess for viability. Gadolinium is a contrast agent that distributes to areas of myocardial blood flow and can be used to assess perfusion at rest (first pass rest Fig. 3 Echocardiographic assessment of global strain using speckle tracking technology to assess myocardial viability. Normal strain is represented in red; decreased (less negative) strain is represented in blue. In this patient, after an acute anteroseptal myocardial infarction, the amount of strain is decreased in the anteroseptal segments of the left ventricle (apical long axis views) consistent with a region of infarction. In addition, global left ventricular strain (polar plot) is decreased (GLPS_Avg -14.4%; normal values range from -20.3 to -24.1%). Images reproduced with permission from Mollema et al. [13] perfusion) and during pharmacologic stress. Gadolinium is extracellular and resides in the interstitial space. Territories with scar have significant replacement fibrosis and more interstitial space, and as a result, they concentrate gadolinium. Because gadolinium has different magnetic properties than blood and myocardium, the increased gadolinium content in areas of scar becomes enhanced when specific T1-weighted pulse sequences are performed.
The high spatial resolution of CMR (often as good as 1.5 mm 9 1.5 mm in plane resolution) provides the reader with the ability to determine the transmural thickness of the scar (Fig. 4). LGE imaging by CMR quantifies the spatial extent of ex vivo myocyte necrosis at high accuracy in a dog model following experimentally induced myocardial infarction [24] . In addition, LGE technique is highly sensitive for detecting very small subendocardial infarction. As little as 2 grams of myonecrosis can be detected on LGE sequences in patients following coronary artery stenting with small CK-MB increases post-procedure [25] . CMR is a more sensitive technique for detecting subendocardial infarction than PET in patients with coronary artery disease and LV systolic dysfunction [26] .
The ease of assessing LGE has improved since recent technical advances that have led to the development of rapid sequences for the detection of LGE. The image acquisition is rapid enough to eliminate the need for patient breath-holding or even a regular cardiac rhythm [27] . Other CMR techniques have been used to assess viability and prognosis following myocardial infarction. Resting first pass gadolinium perfusion in combination with LGE an average of 5 days following a reperfused myocardial infarction had prognostic significance. Territories that hypoenhanced during first pass perfusion in the setting of a patent epicardial vessel had microvascular obstruction preventing normal flow to the myocardium [28] . Regions that had severe microvascular obstruction do not retain gadolinium and demonstrated no LGE suggesting no viability and poor functional recovery. T2-weighted imaging for edema 2 days following a reperfused myocardial infarction can also assess for viable territories that are at risk if the vessel were to become occluded in the future [29] . Regions of hyperintense T2-weighted imaging indicate myocardial edema and are larger than the infarcted region as demonstrated by LGE. The territories of edema demonstrate partial recovery of systolic function within 2 months of infarction.
Appraisal of the literature CMR
Preserved EDWT of C5.5 cm has a high sensitivity of 92% for predicting functional recovery following revascularization but the specificity of this finding is limited at 56% suggesting that a wall thickness C5.5 cm will not necessarily regain wall motion following revascularization [22] . Dobutamine CMR can assess viability with improvement in a dysfunctional wall segment with dobutamine by 1 grade predicting improvement with revascularization 85% of the time [30] . Dobutamine-induced systolic thickening has a sensitivity of 89% and a specificity of 94% suggesting a slightly lower sensitivity but a significantly higher specificity than EDWT as a marker of recovery following revascularization [22] .
A seminal paper exploring the predictive ability of transmural scar to predict recovery following revascularization was published by Kim et al. [31] . Follow-up MRIs were performed a mean of 79 days following revascularization. Of akinetic and dyskinetic segments with no evidence of scar, 100% had recovery of function, similar segments with 1-25% transmural scar showed 82% recovery of function, segments with 26-50% transmural scar had a 45% recovery, segments with 51-75% transmural scar had 7% recovery, and similar segments with 76-100% scar had 0% recovery. The prediction of segmental functional recovery was especially strong in segments with resting akinesia or dyskinesia but similar patterns of recovery were observed in patients with all severities of dysfunctional segments.
The limited diagnostic accuracy of LGE in territories with 1-75% transmural scar was also demonstrated in a study by Wellnohofer et al. [30] who investigated 29 patients with CAD and LV dysfunction who underwent a CMR to assess transmural scar by LGE and a CMR lowdose dobutamine test. The low-dose dobutamine test was superior to LGE at predicting functional recovery 3 months following revascularization for the subgroup of patients with 1-74% transmural scar. There was no significant difference between low-dose dobutamine stress and LGE in predicting functional recovery in patients without evidence of scar or those with a transmural infarction C75%.
First pass perfusion hypoenhancement has demonstrated the ability to predict functional recovery in the early postmyocardial infarction period following reperfusion therapy. At an average of 5 days post-reperfused myocardial infarction, territories with hypoperfusion on first pass perfusion imaging show little functional recovery at 7 weeks [28] . First pass perfusion hypoenhancement 6 days following reperfused myocardial infarction also predicts the development of adverse LV remodeling ([20% increase in the LV end diastolic volume) and major adverse cardiac events [32] . One study suggested that 2D strain imaging by CMR may be superior to wall thickening measurements for the assessment of regional differences in contractile function between the infarct and non-infarct remote zones [23] .
Advantages and disadvantages to CMR
CMR is similar to echocardiography but with higher special resolution, better delineation between endocardium and blood pool and no limitations due to poor echocardiogram windows. CMR is the best current method to detect size and assess the transmural extent of myocardial scar. Structural information such as LV size, function, valvular dysfunction, and aortic root size is provided by CMR that may alter surgical plans and may provide further prognostic information in terms of functional recovery following revascularization. Rest and stress perfusion can also be assessed. Most study protocols can provide all of this information and still be completed over the course of an hour.
Currently, the presence of pacemakers or internal cardiac defibrillators (ICD) remains a contraindication to CMR performance. Growing evidence suggests that patients with pacemakers manufactured in recent years can undergo CMR safely in experienced centers under close supervision with modified MRI pulse sequence protocols. In addition, MRI compatible pacemakers have been manufactured, and clinical trials of these devices are underway to assess safety. The use of gadolinium-based contrast material in patients with severe kidney disease (eGFR \30 ml/min/1.73 m 2 ) is contraindicated due to the risk of systemic nephrogenic fibrosis. Severe claustrophobia limits the use of CMR in approximately 5-10% of patients although sedation and larger bore magnets have moderated this problem. Although dobutamine CMR increases the specificity of CMR to predict viability and it is a feasible protocol, care must be taken since the magnet is a difficult location to deal with an unstable patient with dobutamine-related arrhythmias or ischemia.
Nuclear SPECT
Imaging protocols SPECT
SPECT imaging uses single photon emitting radioisotopes to study viable myocardium. The uptake of the radionuclide perfusion tracers is dependent on myocardial perfusion and the integrity of the cell membrane. Hence, myocardial segments with preserved rest radiotracer uptake are viable. However, regions with reduced radiotracer uptake may or may not be viable, and myocardial viability can be assessed by imaging myocardial substrate metabolism or contractile reserve.
201-Thallium is one of the earliest radiotracers used for SPECT myocardial perfusion imaging. It is actively extracted by the myocytes via the sodium potassium ATPase pump and is able to redistribute over time into cells that are viable regardless of the extent of first pass perfusion. Territories of LV dysfunction that have thallium-201 activity [50% of peak levels are often considered to be viable. In segments with \50% thallium-201 uptake, redistribution imaging is performed typically at 4 h and sometimes at 24 h with or without reinjection of a small dose of thallium-201 prior to the redistribution images [33] . Approximately 20% of persistent defects at 4 h may show redistribution at 24 h [34] . Zimmerman et al. [35] showed that regional thallium-201 activity in redistribution and reinjection images is proportional to the mass of preserved viable myocytes in the jeopardized myocardium and indicates myocardial viability within perfusion defects.
Technetium-99m-labeled isotopes emit higher energy photons with a narrower peak energy width and a shorter half-life compared to thallium-201 allowing for the administration of higher doses of radiotracer resulting in better image quality. There is a concern that technetium99m undergoes less redistribution and may underestimate viability compared to thallium-201. To test this hypothesis, patients who were undergoing heart transplant underwent technetium-99m injection 1-6 h prior to transplantation. On imaging the explanted hearts, there was a good correlation between technetium-99m activity and histological myocardial viability suggesting that technetium-99m can provide comparable information even without redistribution [36] .
123 I-labeled 15-(p-iodophenyl)3-R, S-methylpentadecanoic acid (BMIPP) is a radiolabelled fatty acid tracer that can be imaged with a SPECT camera and can demonstrate fatty acid metabolism [37] . Areas of the myocardium with reduced BMIPP uptake relative to myocardial perfusion following revascularization for acute myocardial infarction suggest metabolically dysfunctional myocardium and may indicate a lower likelihood of functional recovery [37] .
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Appraisal of literature SPECT
When considering thallium-201 SPECT, the weighted mean sensitivity is 87% and mean specificity is 54% to predict functional recovery following revascularization [15] . On pooled analysis, when compared to stress redistribution protocols, thallium-201 reinjection protocols have a similar mean sensitivity but a worse mean specificity. For technetium-99m SPECT, the weighted mean sensitivity is 83%, and the weighted mean specificity is 65% for predicting functional recovery following revascularization [15] . Nitrate administration [38] about 5 min before radiotracer injection as well as low-dose dobutamine [38] gated SPECT imaging (gated rest imaging followed by gated imaging during low-dose dobutamine infusion) improve accuracy of technetium-99m SPECT to detect viable myocardium. When comparing thallium-201 SPECT redistribution imaging (3-4 h delay) to technetium-99m SPECT, there was no significant difference between the 2 tracers to predict recovery in wall motion abnormalities following revascularization [39] . Several studies have established that perfusion imaging with SPECT radiotracers is more sensitive and less specific compared to techniques using inotropic contractile reserve assessment in predicting myocardial viability [40] . Viability assessment with BMIPP and flow tracers (thallium-201 or Technetium-99m SPECT) has been studied [41, 42] . Areas of the myocardium with normal uptake of both BMIPP and flow tracers were normal, while areas with matched reduction in blood flow and BMIPP uptake indicated scar tissue (unlikely to recover function). In contrast, myocardial segments with reduced BMIPP uptake relative to flow tracer uptake suggested metabolically dysfunctional myocardium despite coronary revascularization. More recently, BMIPP has been used to study ischemic memory in patients with non-diagnostic ECG changes and cardiac enzyme values rather than myocardial viability [43] .
Advantages and disadvantages of SPECT
The biggest advantage of SPECT is that there is extensive clinical experience as well as a wealth of studies demonstrating the ability of SPECT to predict viability. Next, SPECT imaging is widely available, easy to perform, and highly reproducible. Rest and stress perfusion can be imaged in about 2-3 h (1.5 h with the newer scanners and protocols) to evaluate the magnitude of stress-induced ischemia, global LV systolic function, and LV volumes. These factors influence post-revascularization recovery of function and determine patient management. Importantly, unlike, PET and CMR, exercise stress can be performed with the added value of the clinical, ECG and hemodynamic information from exercise stress. However, due to the limited spatial resolution of SPECT, imaging small non-transmural infarcts may be difficult. Also, both thallium-201 and technetium-99m studies are subject to attenuation artifacts from the diaphragm or breasts, although this is overcome with attenuation corrected SPECT. The complete study protocols with thallium-201 may take 24 h to complete, and there is a radiation burden.
PET
Imaging protocols
PET imaging uses positron emitting radiotracers that annihilate and emit a pair of 511 keV photons that travel at 1808 from each other [44] . When these photons hit the detectors within a prespecified time interval, the radiotracer is assumed to be positioned directly between the two detectors (coincidence detection). A low-resolution CT or a radionuclide transmission image is performed with PET in order to correct for attenuation of photons. PET imaging can be used to assess viability by the measurement of myocardial perfusion and/or metabolism. Myocardial perfusion is assessed using Rubidium-82 or N-13 ammonia at rest and with pharmacologic stress to assess for stressinduced ischemia. Myocardial metabolism can be assessed by 18F-Fluoro-deoxy-glucose (FDG) (glucose metabolism), C-11 acetate (oxidative metabolism) or C-11 palmitate (fatty acid metabolism).
Clinically, myocardial metabolism is most commonly assessed by FDG, a glucose analog that is taken up by the glucose transporters on the myocytes and metabolized by hexokinase to F-18 FDG 6-phosphate, which is no longer metabolized and becomes trapped within the myocytes [5] . FDG imaging is usually performed following a glucose load and intravenous insulin administration to improve image quality [45] . In viable but jeopardized cells, FDG uptake increases due to a shift to anaerobic metabolism and a preference for glucose rather fatty acid metabolism [45] . The comparison between segmental myocardial perfusion, and metabolism provides information regarding the amount of normal, hibernating, and necrotic myocardium.
A territory that has reduced perfusion and normal/ increased glucose metabolism (mismatch) indicates viable but jeopardized myocardium (Fig. 5) . A territory with a severe, matched perfusion and metabolism defect (\50% peak uptake) represents transmural (or nearly transmural) myocardial necrosis. A territory with a less severe matched perfusion and metabolism defect ([50% peak uptake) represents a non-transmural infarct without viability. In territories that have undergone repetitive stunning, myocardial contractility is reduced, myocardial perfusion is normal or nearly normal, FDG uptake is normal or reduced, but stress perfusion is typically reduced.
More novel applications of PET include carbon-11 acetate. This radiotracer gets incorporated into the Krebs cycle and can be used to measure myocardial perfusion (C-11 uptake) as well as myocardial oxidative metabolism (C-11 clearance) [46] . Also, combined CT and radionuclide imaging (perfusion imaging with N-13 ammonia, viability imaging with FDG, and contrast-enhanced CT) have been studied in a porcine model of myocardial infarction. Combined PET with CT imaging provided excellent imaging of myocardial scar and microvascular no reflow phenomenon along with a detailed assessment of myocardial metabolism [47] .
Appraisal of literature PET
There is a wealth of literature assessing the diagnostic performance of FDG PET and its value in clinical management. In pooled analysis, the weighted mean sensitivity and specificity of FDG PET was 92 and 63%, respectively [15] . Using myocardial perfusion imaging with PET radiotracers (O-15 water, N-13 ammonia, C-11 acetate), the pooled positive predictive accuracy for predicting functional recovery after revascularization from six studies was 63% (range 45-78%), with an average negative predictive value of 63% (range, 45-100%) [48] . In pooled analysis of 17 studies (including SPECT perfusion and FDG PET), and using perfusion metabolism match and mismatch patterns, the diagnostic accuracy improved with a positive predictive value of 76% (range 52-100) and a negative predictive value of 82% (range 67-100%), respectively [48] .
In terms of functional recovery, several studies have demonstrated a relation between PET-identified viability and various clinical outcomes. Several investigators demonstrated an improvement in LV ejection fraction following successful revascularization of viable myocardial segments identified by FDG PET [49] [50] [51] . Di Carli et al. [52] demonstrated that the preoperative extent of a flowmetabolism mismatch is significantly linearly correlated with the magnitude of improvement in post-revascularization heart failure symptoms. A viability extent of C18% had a sensitivity of 76% and a specificity of 78% and was associated with the greatest clinical benefit in improvement of functional status [52] .
In contrast to prior investigators who studied the relation between hibernating myocardium and outcomes, Beanlands et al. [53] studied the quantitative scar extent with FDG PET. They showed that the quantitative scar score on FDG PET is inversely related to the likelihood of improvement in function following revascularization. Also, not only the magnitude of scar, but extent of adverse left ventricular remodeling also appears to portend worse outcomes following revascularization. A preoperative end systolic volume index (index to body surface area) of [100 ml/m2 by contrast ventriculography was a predictor of mortality and post-operative heart failure [54] . Finally, once hibernating myocardium is identified, early revascularization may be desirable [55] . Mortality rates were significantly increased, and the LV ejection fraction did not increase in patients that were revascularized late compared to patients revascularized early (\35 days) [56] .
Advantages and disadvantages PET
FDG PET has been considered the reference standard for viability imaging given the extensive clinical experience, the considerable research data and its relatively high accuracy for predicting functional recovery following revascularization [15] . As with SPECT, a complete characterization of the magnitude of myocardial viability, ischemia, scar, ejection fraction, and LV volumes is possible with PET. The high spatial and temporal resolution of PET along with robust attenuation correction allows for the ability to quantify minute quantities of radiotracer uptake and estimation of myocardial blood flow [57] . PET technology is expensive and not widely available, but, PET is becoming increasingly available due to its role in oncology imaging. Most of the radiotracers are cyclotron produced limiting its widespread use (except for Rubidium-82, a generator produced agent). Due to the shorter half-life of the radiotracers (few minutes), PET study protocols are fast and radiation exposure from PET is lower compared to SPECT. However, FDG has a 2-h half-life that allows its transport to sites without an on-site cyclotron. FDG SPECT with coincidence collimators is feasible (in centers without a PET scanner) to identify patients that can improve function following revascularization [58, 59] . A new F-18-labeled PET perfusion tracer (under development) that can be shipped to sites without a cyclotron and may make PET perfusion imaging more accessible [60] . FDG imaging can theoretically miss viable tissue in regions of thinned myocardium due to partial volume effects [61] .
Multidetector computed tomography (CT)
CT is the newest technique, being widely used to perform CT coronary angiography. Delayed contrast-enhanced CT can be used to assess for myocardial viability, and this is presently a research application.
Imaging techniques
Three different techniques of cardiac CT (CT coronary angiography, delayed contrast-enhanced imaging, and noncontrast-enhanced gated or non-gated CT) may provide information about myocardial viability. First, CT coronary angiography is playing an increasing role in the evaluation of patients with chest pain. This technique has a high negative predictive value ([95%) to exclude epicardial CAD. Also, it can provide valuable assessment in the evaluation of patients with left ventricular systolic dysfunction and suspected congenital heart disease or anomalous coronary arteries (Fig. 6) [62] .
Delayed contrast-enhanced CT imaging uses a similar principle as CMR LGE to image myocardial scar. Iodinated CT contrast agents have similar extracellular distribution and kinetics as gadolinium. Iodinated CT contrast attenuates CT x-ray beams resulting in an increase in Hounsfield units in any tissue containing contrast. The myocardium can be imaged during first pass or early arterial phase with hypoenhancement suggesting either macrovascular or microvascular obstruction. The myocardium can also be imaged 5 min post-contrast injection with hyperenhancement suggesting infarct due to extracellular contrast accumulation. The transmural extent of the scar can also be assessed with CT viability protocols. A time point of 5 min has been shown in animal models to provide optimal differentiation between infarcted and normal myocardium [63] . A myocardial viability protocol can be added to a standard coronary CT using an image acquisition protocol similar to a calcium score protocol and acquiring thick slices (2.5 mm). This requires no extra contrast, about 5 extra minutes of scanner time, and only a slight increase in radiation dose compared to a standard coronary CT angiography.
Lastly, as an incidental finding, the non-contrastenhanced CT images, such as those obtained during attenuation correction scans, or calcium scoring can demonstrate calcified aneurysms of the left ventricle.
Appraisal of the literature CT
Most studies of delayed contrast-enhanced cardiac CT have been performed on animal models, and there are no data using cardiac CT to predict functional recovery following revascularization. Lardo et al. [63] investigated the ability of cardiac CT viability studies to quantify myocardial necrosis, microvascular obstruction, and scar after an occlusion then reperfusion of a myocardial infarction induced in dog and pig models. Regions of infarct assessed on post-mortem myocardial staining reflected myocardial hypoenhancement on first pass perfusion corresponding to territories of microvascular obstruction. Hyperenhancement at 5 min following contrast injection corresponded to territories of infarction. This study also demonstrated that Brodoefel et al. [64] assessed the accuracy of viability cardiac CT at characterizing the presence and transmurality of smaller infarcts induced in pig models compared to CMR and histology of post-mortem explanted hearts. Although CMR demonstrated better agreement with the histological assessment of the location and transmural extent of the infarct (weighted kappa 0.91) compared to cardiac CT (weighted kappa 0.84), cardiac CT provided high agreement for the transmural extent of scar on histology and CMR LGE (weighted kappa 0.86).
Advantages and disadvantages of CT
Delayed contrast-enhanced cardiac CT viability can be performed efficiently in combination with coronary CT by adding a few minutes on to the coronary CT angiography protocol. The spatial resolution of CT is very high which is valuable for assessing small and irregularly shaped infarcts. Also, the slice thickness of 0.5 mm, significantly smaller than the slice thickness in CMR, allows for near isotropic resolution and true 3D reconstruction of the data. In comparison, the slices of interest in CMR must be acquired at the time of the scan and cannot be reconstructed later. For cardiac CT, specific scanner parameters do not need to be optimized for each acquisition to obtain maximal contrast between normal and infarcted myocardium compared to CMR LGE offering a practical advantage in high-output clinical settings. Pacemakers and other metallic devices are not contraindicated in cardiac CT.
Cardiac CT is relatively new at assessing viability, and there have been no studies assessing outcomes. Gerber et al. [65] showed that the defect contrast (percent signal increase and the contrast to noise ratio) on the delayed hyperenhancement images is significantly worse compared with CMR (Fig. 7) . CMR imaging also correlates with infarct location and transmurality better than cardiac CT [64] . Cardiac CT does require additional images following the imaging of the coronaries, and this adds further radiation burden.
Comparison between different modalities
A pooled analysis was performed to compare the relative merits of dobutamine echocardiography, CMR, thallium-201 SPECT, technetium-99m SPECT, and FDG PET to predict regional recovery of function following revascularization (Table 2 ) [15] . The test with the highest sensitivity was CMR EDWT \6 mm suggesting that patients with wall thickness \6 mm have a very low likelihood of Fig. 7 Cardiac MR compared to cardiac CT to assess for viable myocardium. Panel a The percent signal intensity (SI) and the contrast noise ratio (CNR) was higher with CE-MR (contrast-enhanced magnetic resonance image) than CEMDCT (contrast-enhanced multidetector CT). The images in panel b illustrate the same findings. Images adapted and reproduced with permission from Gerber et al. [65] Heart Fail Rev (2011) 16:381-395 391 recovering function. The test with the highest specificity was CMR dobutamine stress suggesting that patients with inotropic contractile reserve have a high likelihood of recovery. However, the volume of viable myocardium that predicts improved survival following revascularization appears to be different among the various modalities.
A minimum of 26% of the myocardium on an FDG-PET scan, 36% in a stress echocardiogram, and 39% in SPECT should demonstrate viability order to expect a survival benefit following revascularization with these modalities [66] . These differences likely reflect differences in the definitions of viability as well the differences in the followup period.
Methodological issues comparing modalities
In studies comparing CMR to PET, overall, both techniques are generally highly concordant and accurate for diagnosis and prediction of functional recovery. In a study (Fig. 8 ) [67] . However, due to the superior spatial resolution, CMR LGE is better than SPECT and PET at identifying regions of subendocardial scar. In 31 patients with coronary artery disease and reduced LV function, there was a close agreement between the location and extent of myocardial scar (defect severity score CMR vs. PET was 44.3 ± 9.1 vs. 47.6 ± 11.1) [26] . And, the CMR infarct mass correlated well with PET infarct size (r = 0.81, P \ 0.0001). However, about half of the myocardial segments classified as normal on PET had evidence of subendocardial Reproduced with permission from Schinkel et al. [15] NPV negative predictive value, PPV positive predictive value a High-dose dobutamine has a higher sensitivity but similar specificity to low-dose dobutamine b Thallium rest distribution has a higher specificity but similar sensitivity compared to Thallium reinjection Fig. 8 Recovery of function following revascularization as a function of magnitude of scar. The CMR LGE findings are shown on the left and thallium rest-redistribution findings are shown on the right panel. Myocardial segments with dense scar (\40% thallium uptake or [75% transmural scar) were unlikely to recover, whereas normal myocardial segments ([80% thallium uptake or 0% transmural scar) improved significantly. Intermediate degrees of scar (non-transmural) showed a graded recovery of function following revascularization. Images adapted and reproduced with permission from Dilsizian et al. [67] infarction on CMR LGE [26] . Future studies are warranted to evaluate whether the higher sensitivity of LGE CMR to identify non-transmural scar compared to FDG PET translates into better prognosis in these individuals with suspected or known ischemic cardiomyopathy and LV systolic dysfunction.
Limitations of the existing literature
Presently, we have no randomized clinical trial data to evaluate the value of imaging myocardial viability. Our evaluation algorithms are based on the results of a large number of observational studies with small sample sizes in each study that demonstrated the value of revascularization in patients with viable myocardium [68] . These results are hence biased by selection and referral to revascularization. If recovery of systolic function is chosen as an endpoint, the time of follow-up evaluation is important, but not consistent in most studies. In a study assessing dobutamine echocardiography to predict improvement with revascularization, radionuclide ventriculography follow-up assessment of LV function was performed at 3 and 14 months [14] . There were patients who did not have functional recovery at 3 months but did demonstrate recovery at 14 months. When a later follow-up is used, the sensitivity decreased and the specificity increased (sensitivity and specificity 87 and 83%, respectively, at 3 months and 83 and 88% at 14 months) [14] . Later recovery may be seen because chronic ischemic myocardium is not uniform and represents different levels of cellular damage and dedifferentiation. More severe damage may take longer to recover following revascularization [7] .
Although regional functional improvement is a good endpoint, it is not the ideal endpoint. Patients with hibernating myocardium are at risk for arrhythmias and sudden cardiac death, independent of the presence of scar [69] and may be independent of LV function or functional improvement. Revascularization may also attenuate LV dilation and remodeling even in the absence of improved LV systolic function [6] . Prospective studies would be required to understand whether revascularization of viable tissue may be helpful to improve outcomes independent of an improvement in regional or global LV systolic function.
Conclusions
Viability assessment plays an important role in determining the patients in whom revascularization improves prognosis or provides excess risk. Although there are multiple imaging modalities that have been shown to successfully predict recovery of myocardium following revascularization, randomized clinical trials to study the utility of viability assessment in predicting outcomes are lacking. Currently, PET and CMR are generally considered the optimal modalities by which to assess viability based on their relatively high sensitivities and specificities and evidence base. Echocardiography is widely used and well established, and its use will continue to increase further with the evolution of novel echocardiography technologies.
